Strong in-plane anisotropy in the electronic structure of fixed-valence
  $\beta$-LuAlB$_4$ by Reiss, Pascal et al.
Strong in-plane anisotropy in the electronic structure of fixed-valence β-LuAlB4
Pascal Reiss,1, 2, ∗ Jordan Baglo,1, † Hong’En Tan,1, 3 Xiaoye Chen,1 Sven Friedemann,4
Kentaro Kuga,5, ‡ F. Malte Grosche,1 Satoru Nakatsuji,5, 6, 7, 8 and Michael Sutherland1, §
1Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, United Kingdom
2Clarendon Laboratory, University of Oxford, Oxford, OX1 3PU, United Kingdom
3Complex Systems Group, Institute of High Performance Computing, A*STAR, Singapore, 138632
4HH Wills Laboratory, University of Bristol, Bristol, BS8 1TL, United Kingdom
5Institute for Solid State Physics, University of Tokyo, Kashiwa 277-8581, Japan
6CREST, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
7Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
8Trans-scale Quantum Science Institute, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
(Dated: April 1, 2020)
The origin of intrinsic quantum criticality in the heavy-fermion superconductor β-YbAlB4 has
been attributed to strong Yb valence fluctuations and to its peculiar crystal structure. Here, we
assess these contributions individually by studying the isostructural but fixed-valence compound β-
LuAlB4. Quantum oscillation measurements and DFT calculations reveal a Fermi surface markedly
different from that of β-YbAlB4, consistent with a ‘large Fermi surface there. We also find an unex-
pected in-plane anisotropy of the electronic structure, in contrast to the isotropic Kondo hybrization
in β-YbAlB4.
At a quantum critical point (QCP), a continuous, zero-
temperature phase transition occurs when the ordered
and disordered phases are energetically degenerate. Usu-
ally, this requires tuning materials to some material-de-
pendent critical pressure, composition or magnetic field
[1]. However, there are rare case of ‘intrinsic’ QCPs which
occur without tuning. Studying intrinsic QCPs aims
at identifying robust mechanisms for quantum critical-
ity, rising the prospect to link them to strange electronic
phases and unconventional superconductivity [2, 3].
The heavy-fermion superconductor β-YbAlB4 is an ex-
ample for such an intrinsically quantum critical system
[4]. Initial evidence for its non-accidental nature was the
observation of quantum critical behavior in this stoichio-
metric, clean system at zero magnetic field, which was
later extended to finite pressures, providing an exam-
ple for a quantum critical phase [5, 6]. Transport and
thermodynamic measurements identified non-Fermi liq-
uid behavior, yet the Wiedemann-Franz law is obeyed,
demonstrating that quasiparticles remain intact [4, 7, 8].
It was realised that the peculiar crystal environment of
the Yb atoms, as well as strong Yb valence fluctuations
are central for understanding the physics of β-YbAlB4
[9–11]. The material crystallizes into the ThMoB4 struc-
ture where a distorted honeycomb lattice of Yb and Al
atoms is sandwiched between layers of B atoms. As
shown in Fig. 1, these B atoms occupy three indepen-
dent sites B1–B3, which give rise to a network of five-
and sevenfold boron rings [12]. The Kondo hybridiza-
tion induced by the orbital overlap within the Yb-B-ring
structure was argued to be strongly anisotropic between
the crystal c axis and the (ab) plane, but isotropic within
the (ab) plane [13]. This hybridization can induce the
observed T/B scaling of the magnetic susceptibility, and
can also explain the intrinsic quantum criticality in β-
YbAlB4 [5, 13–18]. Recently, strong evidence supporting
this in-plane isotropy was found in the linear dichroism of
core-level x-ray photoemission and NMR studies [19, 20].
The isomorph α-YbAlB4 features the same local sym-
metry and similar valence fluctuations of the Yb atoms,
as well as an essentially identical in-plane isotropy of the
Kondo hybridization [9, 12, 19, 21]. However, it does not
show superconductivity nor intrinsic quantum criticality
[12]. This indicates that the effect of the lattice cannot
be truncated to the local environment of the Yb atoms,
and/or that subtle differences in the Yb-B structures be-
tween α- and β-YbAlB4 are pivotal [20, 21].
It is therefore paramount to assess the importance of
the lattice structure in detail [22, 23]. For this purpose,
β-LuAlB4 is ideally suited, as it crystallizes into the same
structure as β-YbAlB4, with nearly identical lattice pa-
rameters [12, 24]. The Lu 4f states are fully occupied
and fall well below the Fermi level. Thus, the electronic
structure of β-LuAlB4 represents the ‘small’ Fermi sur-
face limit of β-YbAlB4, and the Kondo effect and valence
fluctuations are suppressed.
In this Letter, we investigate the electronic structure
of β-LuAlB4 using Shubnikov-de Haas oscillation mea-
surements. We resolve all Fermi surface sheets predicted
by DFT calculations and we extract the charge carrier
masses. Our findings are broadly consistent with DFT
predictions, validating a closer look at the electronic
structure in real space. This reveals that the Lu-B hy-
bridization and the charge distribution in the unit cell are
much more anisotropic than previously thought, in con-
trast to the isotropic Kondo hybridization in β-YbAlB4.
Using the Al flux method [12], thin (d . 10 µm), plate-
like single crystals of β-LuAlB4 were grown, with the
crystal c axis normal to the plates, confirmed by X-
ray diffraction measurements. For the resistivity mea-
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FIG. 1. Temperature (A) and magnetic field dependence (B) of the electrical resistivity of single-crystalline β-LuAlB4. The
insert shows the low-temperature resistivity against T 5, and the red dashed line is a linear fit below 25 K. Data in (B) are
vertically offset for clarity. (C) Background subtracted data plotted against inverse field 1/H. The periodic oscillations in
∆ρ/ρ(T ) are clearly seen. (D) A 2D projection of the crystal structure. The seven-fold B ring is highlighted, consisting of
atomic sites B1-B3. The average Lu-B distance is given as dˆLu-B which shows small variations, most pronounced for B3 [12].
surements, we used a standard four contact setup with
I < 1 mA||(ab). Contacts were spot-welded and fixed
with DuPont 6838 silver epoxy. The irregular shape of
the brittle samples as well as the large relative uncer-
tainty in the sample thickness put constraints on the con-
tact layout and the determination of absolute values of
the resistivity (cf. the Supplemental Material [25]).
Several samples were screened using a Quantum Design
PPMS, and the best sample with a residual resistivity ra-
tio RRR= 34 was used for all experiments. Quantum
oscillation experiments were conducted using an 18 T
dilution refrigerator in Cambridge equipped with low-
temperature transformers. Two sets of measurements
were performed, spanning sample rotations by almost 90◦
with the magnetic field ranging from the crystal (001)-
axis to the (100)-axis and to the (010)-axis.
Band structure calculations were carried out using den-
sity functional theory, linear augmented plane waves and
the PDE generalised gradient approximation as imple-
mented in WIEN2k [26, 27]. Relativistic local orbits and
spin-orbit coupling were included. Small Fermi surface
pockets were resolved using 100,000 k-points in the Bril-
louin zone. RKmax was set to 7.0, and experimental
lattice parameters and atomic positions were used [12].
Fermi surfaces were plotted using XCrySDen, and ex-
tremal orbits extracted using SKEAF [28, 29].
In Figure 1A, we show the sample resistivity ρ(T ) as
a function of temperature T . Good metallic behavior is
found, and no phase transitions including superconduc-
tivity could be identified above T ≈ 40 mK, in agreement
with previous reports [12]. The small residual resistivity
ρ0 ≈ 0.52 µΩ cm in the zero-temperature limit suggests
large carrier densities and/or mobilities. As shown in the
inset of Fig. 1A, ρ(T ) shows a marked T 5 dependence be-
low T ≈ 25 K. This demonstrates that electron-electron
interactions are not dominating the quasiparticle scatter-
ing in this regime, in contrast to (non-critical) strongly-
correlated electron systems, where electron-electron scat-
tering leads to a Fermi liquid T 2 behavior. The T 5 depen-
dence observed here is an indicator for dominant quasi-
elastic electron-phonon scattering instead.
To determine the electronic structure, we performed
electrical transport measurements up to µ0H = 18 T for
various temperatures and field orientations. Figure 1B
shows a selection of resistivity measurements, from which
several aspects can readily be inferred: Firstly, we ob-
serve a finite slope dρ/dH in the zero-field limit, which
we attribute to the Hall effect visible due to some voltage
contacts misalignment on the sample. Our DFT calcula-
tions, discussed below and in agreement with previous
reports [30], predict that β-LuAlB4 is a compensated
two-band system. If both hole- and electron-like charge-
carriers had the same mobility, no Hall component would
be expected (RH = 0). The finite RH observed here
shows that the mobilities differ for both carriers.
Secondly, we note that the magnetoresistance is very
large. Separating the Hall signal from the longitudinal
resistivity as demonstrated in Fig. 1B, we find that the
latter increases almost eight-fold in 16 T. From a two-
band model fit shown in Fig. SM1 [25], we extract the
quasiparticle mobilities |µ1| ≈ 2600 cm2/Vs and |µ2| ≈
1600 cm2/Vs, which are similar to those attributed to the
high-mobility carriers detected in β-YbAlB4 below the
coherence temperature [31]. They also broadly match
the values extracted from quantum oscillations and are
consistent with predictions of our DFT calculations [25].
Thirdly, in particular for H||(100), strong quantum os-
cillations can readily be seen in Fig. 1B, demonstrating
the high quality of the sample. The quantum oscillations
remain visible even for T = 9 K, suggesting small quasi-
particle masses m, which is consistent with the already
inferred large quasiparticle mobilities |µ| ∼ 1/m.
We now turn to a quantitative analysis of these quan-
tum oscillations. In Fig. 1C, a smooth, low-order poly-
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FIG. 2. Quantum oscillations in β-LuAlB4. (A) FFT spectra for two field orientations, showing a range of peaks. (B) Angular
dependence of the FFT spectral intensity shown as a color map. Extracted peak positions are shown as black dots, and
frequencies extracted from direct fits are shown as black crosses (cf. Ref. 25). (C) Temperature dependence of the amplitude
of the α, 2α and 3α oscillations (points), and a fit to the temperature dependence of the Lifshitz-Kosevich form (solid lines).
nomial background has been removed. When plotted
against 1/H, multiple frequencies f are apparent, which
correspond to extremal cross-sectional areas A of the
Fermi surface perpendicular to the magnetic field [32]
f = A~/(2pie). We employ an FFT, shown in Fig. 2A,
to extract the oscillation frequencies and amplitudes as
a function of temperature and field orientation (see also
Ref. 25). All obtained frequencies are shown in Fig. 2B
on top of the FFT spectra, represented as a background
color scale. We identify a set of branches for fields close
to the (010) direction, which we refer to as β. These
branches display an approximate 1/ sin(θ) dependence,
where θ measures the angle away from (001). Such
a dependence is consistent with a weakly warped two-
dimensional Fermi surface pocket along the reciprocal b
axis. Next, we find two weakly orientation-dependent
lines for 3.4 kT ≤ f ≤ 4.5 kT and f ≥ 6.8 kT which we
call δ and 2δ. Their flat dependencies are consistent with
nearly spherical Fermi surface pockets, however the inte-
ger ratio between their frequencies suggests that 2δ is the
first harmonic of δ. Finally, multiple frequencies below
0.9 kT are found with no obvious analytical dependence.
Next, cyclotron masses are extracted by following the
oscillation amplitudes as a function of temperature, as
shown in Fig. 2C. Fitting the Lifshitz-Kosevich form [32],
we find m ≈ 0.3me for α, which is much smaller than any
cyclotron mass reported on the more strongly correlated
β-YbAlB4, as expected [30]. The integer ratios between
the frequencies and masses of orbits α, 2α and 3α allow
us to identify α as a fundamental frequency, and 2α and
3α as harmonics. Further orbits are discussed in Ref. 25.
From now, we will omit harmonics identified in this way,
as summarised in Fig. 3C.
To better understand the observed quantum oscilla-
tions, we now turn to our DFT calculations. In Fig. 3A,
we show the computed band structure and density of
states (DOS) over a wide energy range. The localized Lu
4f states are easily identified about 4.1 eV and 5.6 eV be-
low the Fermi level EF. In the vicinity of EF, the DOS is
dominated by Lu and B states whereas the Al states play
a minor role. Two bands cross the Fermi level, which give
rise to one hole-like and one electron-like Fermi surface
sheet, as shown in Fig. 3B. The hole-like sheet consists
of two strongly warped cylinders along (010) which give
rise to the extremal orbits β1−8. They are joined by two
three-dimensional pockets, producing orbits α1−3. The
electron-like sheet consists of nearly spherical pockets in
the corners of the first Brillouin zone which are the ori-
gin of the orbit δ. Further pockets with varying sizes
surround the Γ point, with orbits labelled γ1−3 and .
In Fig. 3C, we compare the computed extremal Fermi
surface cross-sections translated into quantum oscillation
frequencies to the experimentally determined fundamen-
tal frequencies. The agreement is convincing: the line
δ and the branches β3−6 are reproduced, and most fre-
quencies below 0.9 kT can be mapped within experimen-
tal resolution (∆f ≈ 20−50 T depending on field range).
DFT slightly underestimates the size of the large Fermi
surface pockets, i.e. predicted frequencies are slightly
smaller than observed ones, as evident from Fig. 3C. This
applies to both electron-like and hole-like bands, which
leaves the overall charge balance unchanged.
Having determined the electronic structure of β-
LuAlB4, the isostructural but fixed-valence reference
compound to β-YbAlB4, we now discuss the two main
implications of the findings. Firstly, the frequencies
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FIG. 3. DFT simulations and comparison to experiment. (A) Band structure and the density of states (DOS). Insets show the
magnified DOS at the Fermi level, and the path in k space. (B) Fermi surface sheets corresponding to the bands crossing the
Fermi level. Orbits surrounding extremal cross sections are shown for field directions along the reciprocal axes (color coding as
shown). (C) Comparison of predicted frequencies (lines) with extracted fundamental ones (dots).
of the quantum oscillations and their angular depen-
dence, as well as the cyclotron masses reported here dif-
fer greatly from results on β-YbAlB4 studied previously
[30]. The most notable difference is the absence of the
spherical pocket δ in β-YbAlB4. Conversely, large cross-
sectional areas were observed in β-YbAlB4 (dubbed β in
Ref. 30), which have no counterpart in β-LuAlB4. Such
substantial differences in the Fermi surface suggest that
in the presence of large magnetic fields, the Fermi sur-
face of β-YbAlB4 is not ‘small’ but ‘large’ and the 4f
hole is delocalized [30]. Moreover, the experimental cy-
clotron masses of β-LuAlB4 are in good agreement with
predicted values (Table SMI), but they are on average a
factor 10 smaller than in β-YbAlB4 [30]. This reflects
the significant mass enhancement due to the presence of
correlated f -states near the Fermi energy.
The second implication is most evident from the hole-
like Fermi surface sheet of β-LuAlB4, Fig. 3B: There is
a strong anisotropy of the electronic structure within the
(ab) plane. To trace its origin, we reiterate that the DOS
at the Fermi level EF has predominant Lu and B char-
acter, as shown in Fig. 3A. It is therefore suggestive to
attribute the anisotropy to the Lu-B hybridization. This
is confirmed when returning to real space: in Fig. 4A and
B, we show the computed charge distribution in the unit
cell for states close to EF. We find a much larger orbital
overlap between the Lu dz2 and the B3 pz states, when
compared to B1 and B2. A similar result is obtained
when comparing the contributions of the B atoms to the
DOS, Fig. 4C. Over a wide energy range around EF, the
B3 states contribute roughly 30% more to the DOS than
B1 and B2, which originates fully from their pz orbitals.
This inequivalence of the B atoms cannot be assigned
to the aforementioned atomic orbitals, since B pz and Lu
dz2 orbitals are rotationally invariant along the crystal
c axis. Hence, no anisotropy is expected for an isolated
stack of Lu atoms and ideal B rings. Consequentely, we
must link it to the variation in Lu-B bond lengths (where
the Lu-B3 bond length is the shortest), and/or the global
anisotropy of the charge distribution in the orthorhom-
bic unit cell. From our experiment, we cannot distinguish
between these scenarios. However, as shown in Fig. 4B,
we can infer that the charge carrier concentration is the
largest within the Lu-B3-B3-Lu structure along the crys-
tal b axis. In contrast, the B1 and B2 atoms can be pro-
jected onto low-density stripes connecting the Al atoms
along the same axis. The Al sites are effectively discon-
nected from charge carriers occupying states close to EF,
which marks them as ideally suited for chemical doping
minimizing quasiparticle scattering.
We conclude by discussing the implication of this elec-
tronic anisotropy on β-YbAlB4. As it is isostructural
to β-LuAlB4, and since the variations in Lu/Yb-B bond
lengths are nearly identical (4% in critical β-YbAlB4,
5% in non-critical α-YbAlB4, and 6% in non-critical β-
LuAlB4 [12]), we would expect that a similar variation of
orbital overlap, and thus an anisotropic Kondo hybridiza-
tion, should prevail in β-YbAlB4. Yet, previous studies
found an in-plane isotropic Kondo hybridization in α-
and β-YbAlB4 [19, 20]. Our finding therefore provides
evidence that the isotropic Kondo hybridization and in-
trinsic quantum criticality in β-YbAlB4 emerge from an
anisotropic electronic structure [9, 10, 16, 21]. Identi-
fying a mechanism which can counteract this electronic
anisotropy and/or (self-)stabilizes the quantum critical
phase remains an open problem.
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